We perform a comprehensive first-principles study of the electronic properties of van der Waals (vdW) trilayers via intercalating a two-dimensional (2D) monolayer (ML = BN, MoSe 2 , WS 2 , or WSe 2 ) between MoS 2 bilayer to form various MoS 2 /ML/MoS 2 sandwich trilayers. We find that the BN monolayer is the most effective sheet to 
Introduction
Many experiments have demonstrated that two-dimensional (2D) transition-metal dichalcogenides (TMDs) such as 2D MoS 2 and WS 2 crystals possess novel electronic, [1] [2] [3] [4] optical, [5] [6] [7] [8] catalytic, 9 , 10 and mechanical properties. [11] [12] [13] [14] For example, electronic properties of 2D MoS 2 crystals can be sensitive to the number of layers, that is, the MoS 2 monolayer exhibits a direct bandgap with a value of ~1.8 eV while a bilayer MoS 2 exhibits an indirect bandgap with a value of ~1.5 eV. 15 As a result, significant enhancement of photoluminescence has been observed when MoS 2 is thinned to a single layer. 8, 14 Previous study has also shown that when the MoS 2 bilayer is pulled apart into two separated monolayers, the direct transition (K-K) is insensitive to the separation while the indirect transition (Г-K) increases dramatically. 16 It seems that the distance between the two monolayers or the interlayer vdW interaction can notably affect the electronic structures of two-dimensional (2D) Nanoscale Accepted Manuscript layer. Taking the A1B1A1 stacking as an example, its electronic structure is shown in Figure 2c . Clearly, the trilayer retains the direct-gap character of the MoS 2 monolayer.
The computed bandgap is 1.58 eV, and both the conduction band minimum (CBM) and valence band maximum (VBM) are located at the K points, both contributed by the MoS 2 layers. Like the PBE calculation, the HSE06 calculation also suggests direct-gap character but the bandgap increases to 2.11 eV (ESI Figure S1) . Overall, the intercalated BN layer has little effect on the band edge of MoS 2 layers. To further confirm this conclusion, we remove the BN layer but leave the two MoS 2 layers fixed at the original locations of the trilayer. As shown in Figure 2b , again, the computed band structure shows direct-gap character with the bandgap being 1.59 eV, very close to that of MoS 2 /BN/MoS 2 trilayer.
We also compute the effective mass at the K point corresponding to the 
Intercalation MoS 2 Bilayer by MoSe 2 , WS 2 or WSe 2 Monolayer
Previous experimental and theoretical studies demonstrate that MoS 2 bilayer is a semiconductor with an indirect bandgap. 27, 29, 45 Recent theoretical studies of TMD heterobilayers also show that the interlayer interaction due to hetero interface (e.g., S/Se) can notably affect the electronic properties. Thus, it is interesting to study the extent to which the intercalation of a heterogeneous TMD monolayer between two MoS 2 bilayers affects the electronic properties.
Previous theoretical studies show that the C7 and T stacking patterns give the lowest energy for many heterobilayers, 27, 29 and the electronic structure is more or less the same with different stacking orders. Here, we adopt two different stacking orders for the trilayers (see Figure 3) , namely, the ABA and ACA. For the ABA trilayer, the interface AB is in C7 stacking, while for the ACA trilayer, the interface AC is in T stacking. Again, we find that the two stacking orders give rise to nearly the same electronic properties. The polarization within the S/Se interfaces is responsible to the direct-gap character Figure S2) shows a more accurate HSE06 computation of band structures of the trilayers. The computed bandgap is 0.97 eV, wider than that from PBE computation.
However, the electronic structures and the VBM and CBM are similar one another for PBE computation. Lastly, we consider 3D superlattice made of hybrid MoS 2 monolayers and another monolayers. As shown in Figure 4 , for each superlattice, two stacking orders including AB with C7 interface and AC with T interface are investigated. The binding energies and cell parameters for the AB and AC stacking are close to one another in all the configurations (see ESI Table S1 ). For the MoS 2 /MoSe 2 superlattice, PBE calculations suggest that its bandgap is still indirect, with a value of 0.62 and 0.59 eV respectively, for the AB and AC stacking. The bandgap is about 0.1 eV less than that of the corresponding trilayer. The CBM is still located at the K point and contributed mainly by the MoS 2 layers (Figure 4d ), while the VBM energy at the Г and K point sheets or vice versa, 19 the vdW trilayers and superlattices investigated in this study together with their novel properties may be tested in the laboratory in near future.
